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Density functional theoryAbstract Using experimental and computational techniques, a comparative study of electro-
optical properties for glycine glycinium picrate (GGP) and glycinium picrate (GP) compounds
has been performed. The single crystal of GGP has been grown using slow evaporation technique
that was further subjected to experimental characterization of its electro-optical properties. The
good optical transparency and mechanical strength at micro level was conﬁrmed from optical
and nanoindentation measurements using the Oliver–Pharr method of the grown single crystals.
Differential scanning calorimetric (DSC) analysis was done to probe the thermal stability of the
grown single crystals. Using the density functional theory (DFT) methods, we have not only inves-
tigated the GGP but also proposed GP molecule. Additionally, we have shed light on the molecular
geometries, infrared and Raman spectra, linear and nonlinear optical properties of both GGP and
GP at molecular level. The time dependent DFT (TD-DFT) approach was adopted to calculate the
excitation energies of the molecules in different phases including gas, water, acetone, cyclohexaneombined
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Please cite this article in press as: M. Shkir et
experimental and quantum chemical approacand chloroform as well. For GGP, its wavelength of maximum absorption is calculated to be
390 nm at B3LYP/6-31G* level of theory. The calculated amplitudes of ﬁrst hyperpolarizability
(btot) for GGP and GP are found to be 712 and 970 a. u., respectively, which are about 16 and
23 times larger than that of the urea molecule (a prototype NLO molecule). Thus the present study
not only brings to limelight the optical and nonlinear optical properties of GGP but also sheds light
on the possible potential of GP as new NLO molecule.
 2016 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Figure 1 The structures of glycine glycinium picrate (GGP) (a)
and glycinium picrate (GP) (b) molecules.1. Introduction
As per the current demand of modern technology the organic
optical materials are very important for various device applica-
tions like semiconductors, e.g., optoelectronics, photonics, and
superconductors etc. [1–6]. Optical materials gain attention in
recent years with respect to their future potential applications
in the ﬁeld of optoelectronic such as optical communication,
optical computing, optical switching, and dynamic image pro-
cessing [5,7–10]. Due to p-conjugation the organic materials
display a number of signiﬁcant optical properties [11–13].
Organic materials have been of particular interest because
the nonlinear optical response in this broad class of materials
is microscopic in origin, offering an opportunity to use theoret-
ical modeling coupled with synthetic ﬂexibility to design and
produce novel materials [14–16]. Also, organic nonlinear opti-
cal materials are attracting a great deal of attention, as they
have large optical susceptibilities, inherent ultrafast response
times, and high optical thresholds for laser power as compared
with inorganic materials [17]. Glycine glycinium picrate is a
well known material and many reports are available in the lit-
erature with different other names like GP and GGP/DGP
[18–23]. Recently, glycinium picrate (GP) was reported with
very few properties as a new compound and found noticeable
second harmonic generation due to picric acid impurity by
Ghazaryan et al. [18]. In the best of our knowledge, no nanoin-
dentation studies have been reported on GGP so far. Further-
more, as per the available literature, no theoretical
investigations about their electro-optical and nonlinear optical
(NLO) properties have been performed on GGP as well as GP
molecules. The DFT, being a cost effective method, is very
popular technique to determine reasonably well the vibrational
frequencies (IR and Raman), molecular geometries, photo-
physical and NLO properties of different organic compounds
as compared to the other conventional methodologies
[5,6,24–34]. Therefore, the present work is based on experi-
mental and theoretical investigations of various properties of
GGP and GP (See structures in Fig. 1) and compared with
experimental results wherever available. Therefore it is impor-
tant to have a complete insight on various key properties of
GP molecule, which we have studied computationally and dis-
cussed as analogue to GGP.
2. Experimental details
2.1. Synthesis and crystal growth
For synthesizing the glycine glycinium picrate (GGP) com-
pound we have purchased picric acid and glycine materials
from LOBA Chemicals Pvt. Ltd. The starting materials ofal., A comparative study of key proper
h, Journal of Saudi Chemical Societyglycine and picric acid were taken in stoichiometric ratio
(2:1) molar ratio. Initially the calculated amount of both the
materials were taken in separate beaker and completely dis-
solved in double distilled water. After that a new beaker was
taken and these materials were slowly mixed maintaining the
temperature at nearly 40 C for proper reaction. All the proce-
dures were done in a Glove box and the colour of the mixed
solution was observed as yellow. The chemical reaction mech-
anism involved in the synthesis of GGP is given as follows:
2ðC2H5NO2Þ
Glycine
þC6H3N3O7
Picric acid
! ðC2H5NO2Þ
Glycine
 ðC2H6NO2Þ
glycinium
: ðC6H2N3O7Þ
picrate ðGGPÞ
After proper chemical reaction the prepared solutions were
allowed to evaporate at above the room temperature and get
the yellow crystalline powder salt of GGP which was further
used for crystal growth.
For single crystal growth of GGP, the slow evaporation
method was employed: the very ﬁrst step was to purify the syn-
thesized materials for growth of high quality single crystals
because the purity plays a vital role in crystal quality. There-
fore, the synthesized material was puriﬁed by repeated recrys-
tallization to get the material with high quality for crystal
growth. Then the saturated solution of GGP was primed at
32 C within three days by continuous stirring. The primed
solution was then ﬁltered in another beaker of high quality
with a ﬂat surface in closed air free environment. Later, it is
sealed with a perforated lid and was aloof in a constant tem-
perature bath at the same temperature for two days. After thatties of glycine glycinium picrate (GGP) and glycinium picrate (GP): A combined
(2016), http://dx.doi.org/10.1016/j.jscs.2016.05.003
Figure 2 (a) As grown single crystal of GGP and (b) AFM image with 3D topography and (c) line proﬁle for high resolution AFM
image along (001) plane.
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1 C per day to reach room temperature (27 C). During this
period the growth process was monitored very carefully and
a tiny nucleation was observed. Then within three weeks good
quality single crystal of GGP [Fig. 2(a)] with reasonably good
transparency was harvested from the mother solution and used
for further characterizations along with AFM image with 3D
topography [Fig. 2(b)] and line proﬁle for high resolution
AFM image along (001) plane [Fig. 2(c)].
2.2. Characterization techniques
The nanoindentation measurements were performed using a
three-sided pyramidal Berkovich diamond indenter having
nominal edge radius of 20 nm (faces 65.3 from vertical axis)
attached to a fully calibrated nanoindenter (TTX-NHT,
CSM Instruments). A high resolution AFM image for surface
and line proﬁle for roughness analysis for as grown GGP crys-
tal was recorded before nanoindentation (insets to Fig. 1S).
Later, the tests were carried out under load control to various
peak loads in the range 5–150 mN with an approach speed of
2000 nm/min. The loading and unloading speed throughout
the measurement was kept constant as 20 mN/min with 10 s
of dwell time. A typical load-time sequence used for the pre-
sent measurements is shown in the Fig. 1S. Totally 9 impres-
sions (with varying load) were made at different places
(distance between two impression is 50 lm) on an optically
smooth surface of GGP single crystal along (001) direction.
The inset to Fig. 1S shows the optical image of the imprint
made using different loads. Standard Oliver and Pharr method
was used for the analysis of the obtained results [35]. A com-
mercial AFM (Ntegra Aura, NT-MDT) was used for taking
topographic images of the surface.Please cite this article in press as: M. Shkir et al., A comparative study of key propert
experimental and quantum chemical approach, Journal of Saudi Chemical Society3. Computational methodology
All the theoretical calculations on GGP and GP molecules
were performed with Gaussian G09 package by adopting the
default convergence principles, without any constraint on the
geometry [36,37]. The ground state molecular geometries of
GGP and GP molecules have been obtained from B3LYP/6-
31G* level of theory. The B3LYP/6-31G* level of theory is usu-
ally considered a gateway choice to study the electro-optical
properties of small molecule like GGP and GP [38–40]. The
stable ground state optimized molecular geometries of GGP
and GP are shown in Fig. 3 (Section 4.1). To obtain the equi-
librium geometries of GGP and GP the self-consistent ﬁeld
equation was solved by achieving the true minimum on the
potential energy surface (PES). To analyse all stationary points
as global minima, their Infra-red (IR) and vibrational
(Raman) frequencies have been calculated at the same
B3LYP/6-31G* level of theory. Time-dependent density func-
tional theory (TD-DFT) method has been used to calculate
the absorption spectra. The solvent effects on absorption spec-
tra have been simulated combining TD-DFT with polarizable
continuum model (PCM). In the PCM model, the molecule is
placed in a molecule-shaped cavity in the dielectric medium,
the polarization effects on the solvated molecule being intro-
duced through charges on the cavity surface. Finite Field
(FF) method was applied to calculate the polarizability and
static ﬁrst hyperpolarizability (btot) along with their individual
tensor components for titled compounds. The FF method was
usually applied to study the NLO properties because it can be
used in concert with the electronic structure method to work
out b values. Recently, our calculated b amplitudes by FF
method are found to be in reasonable agreement with other
independent approaches for NLO calculations like two-levelies of glycine glycinium picrate (GGP) and glycinium picrate (GP): A combined
(2016), http://dx.doi.org/10.1016/j.jscs.2016.05.003
Figure 3 The ground state molecular geometries of (a) GGP and
(b) GP molecules along with the numbering of atoms optimized at
B3LYP/6-31G* level of theory.
4 Mohd. Shkir et al.model [41–43] as well as to the experimental EFISHG results.
[44,45] In the FF method, a molecule is subjected to a static
electric ﬁeld (F) then the energy (E) is expressed by the follow-
ing equation:
E ¼ Eð0Þ  l1F1 
1
2
aijFiFj  1
6
bijkFiFjFk 
1
24
cijklFiFjFkFl  . . .
ð1Þ
Here E(0) represents the total energy of molecule in the absence
of an electric ﬁeld, l is the vector component of the dipole
moment, a is the linear polarizability, b and c are the second
and third-order polarizabilities respectively, while x, y and z
label the i, j, and k components, respectively. It can be seen
from Eq. (1) that differentiating E with respect to F obtains
the l, a, b, and c values.
4. Results and discussion
4.1. Molecular geometry analysis
The ground state optimized molecular geometries of GGP and
GP molecules along with their numbering of atoms have beenPlease cite this article in press as: M. Shkir et al., A comparative study of key proper
experimental and quantum chemical approach, Journal of Saudi Chemical Societyshown in Fig. 3. The important geometrical parameters includ-
ing bond lengths and bond angles are collected in Tables 1S
and 2S (see supplementary data). The optimized geometrical
parameters of GGP molecule have also been compared with
their experimental values as given in Table 1S (see supplemen-
tary data). The hydrogen bonding between glycine and picrate
ionic species are represented by dotted lines as shown in Fig. 3.
For the hydrogen bonding only those bond lengths are consid-
ered/shown in Fig. 3 that have less than 2 A˚ of bond distance
between hydrogen bond donor and acceptor atoms. On the
basis of intermolecular and intramolecular distances, ﬁve
hydrogen bonds have been found for GGP. Among these ﬁve
hydrogen bonds, three are intermolecular and two are
intramolecular hydrogen bonds. The three intermolecular
hydrogen bonds among picrate, glycinium ions include
O30. . .H11, O33. . .H20 and O12. . .H2 with their bond distances
of 1.710 A˚, 1.810 A˚ and 1.590 A˚, respectively. On the basis
of intra-atomic distances between hydrogen atom and hydro-
gen bond acceptor and the H-bond strength, it has several
ranges e.g. strong (1.2–1.5 A˚), medium (1.5–2.2 A˚) or a weak
(2.2–3.2 A˚) hydrogen bond [46–48]. These values show that
the hydrogen bonding is rationally medium between glycinium
cation and picrate ion. The remaining two intramolecular
hydrogen bonds of GGP molecule are between amino and
acetate groups of glycine and glycinium dimer with its bond
lengths of 1.686 A˚ and 1.983 A˚, respectively. Unlike the
GGP, in GP molecules there are only two intermolecular
hydrogen bonds that have been observed between picrate
anion and glycinium cation. These hydrogen bonds are
O22. . .H11 and O20. . .H2 with their bond distances of 1.744 A˚
and 1.627 A˚, respectively. A similar analysis of other bond
lengths shows that most of the other bond lengths are also pre-
sent in their usual standard ranges. For instance, the CAC,
CAO, and C‚O, bond lengths are within the range of stan-
dard values viz. 1.54 A˚, 1.43 A˚, 1.316 A˚, respectively.
4.2. Vibrational analysis
Vibrational spectroscopy is a very strong tool in identifying the
functional groups of organic, semi-organic, inorganic com-
pounds as well as in molecular conﬁrmation and reaction
mechanism of new compounds. Fig. 2S (a1&a2) and (b1&b2)
shows the infrared (IR) and Raman spectra of GGP and GP
molecule calculated by DFT using B3LYP/6-31G* basis set,
respectively. It is known that due to the combination of elec-
tron correlation effects and basis set deﬁciencies the theoreti-
cally calculated frequencies are found to be higher than the
experimentally observed frequencies. Therefore, in the theoret-
ically calculated frequencies we multiply by a suitable scaling
factor of 0.9613 for B3LYP/6-31G* basis set [49,50]. The calcu-
lated frequencies were properly assigned and also compared
with the same as well as other picrate compounds [18].
4.2.1. The comparative assessment of IR and Raman bands of
GGP and GP
FromFig. 2S (a1&a2) [for GGP] and (b1&b2) [for GP] it is clear
that the IR and Raman bands observed at 3395, 3187 cm1
in both are due to NH asymmetric stretching of NH3
+, at
3101 and 3005 in IR and 3135, 3066, 2997 in Raman are
due to NH symmetric stretching vibrations of NH3
+ in GGP,
while these bands in GP are observed at 3245, 3137 cm1ties of glycine glycinium picrate (GGP) and glycinium picrate (GP): A combined
(2016), http://dx.doi.org/10.1016/j.jscs.2016.05.003
Table 1 The calculated wavelength of maximum absorption
(ka) in (nm), oscillator strength (fo) and transition nature as
calculated for GGP and GP with different solvation effects.
Solvents GGP GP
fo ka Transition fo ka Transition
Gas 0.112 396 H? L
(62%)
0.045 483 H? L
(62%)
Water 0.139 407 H? L
(69%)
0.098 442 H? L
(67%)
Acetone 0.141 407 H? L
(69%)
0.096 444 H? L
(67%)
Cyclohexane 0.145 403 H? L
(70%)
0.077 468 H? L
(65%)
Chloroform 0.146 406 H? L
(70%)
0.090 454 H? L
(66%)
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observed in both IR and Raman spectra of GGP at 2832,
2737, 2590 cm1 and GP at 2799, 2737, 2806, 2827,
2837 cm1 are due to sum tones. The IR and Raman bands
observed in GGP and GP at 1725, 1690 and 1761 cm1 can
be assigned as stretching vibration of C‚O in both COOH
and asymmetric vibrations of COO group respectively.
Now all the peaks from the above explained peak down to
400 cm1 for both GGP as well as GP are superimposed on a
very broad band centered at ca. 1000 cm1, which is the charac-
teristic of stretching vibrations of O–H bonds in case of strong
hydrogen bonding O–H. . .O in GGP as well as GP, this hydro-
gen band is not present in Raman spectrum as usual as clear
from Fig. 3(b). Both picric acid and picrates exhibit characteris-
tic absorption peaks affected by C–C bond [51–55] similar to
ones which are observed at 1639, 1621, 1587 cm1 and 1640,
1622, 1604 cm1 and 1668, 1630, and 1610, 1607 cm1 in IR
and Raman spectra of GGP and GP respectively. On the other
hand both asymmetric stretching and deformation vibrations of
COO and NH3
+ groups are usually observed in this region so
the above explained vibrational bands are may be caused by
these vibrations too. The symmetric deformation vibrations of
NH3
+ group are usually observed near 1500 cm1. In both IR
and Raman spectra of GGP and GP the nitro group has very
active and characteristic vibrations. The presence of three such
groups even more increases the intensity of the bands caused by
this group. The vibrational assignment of nitro groups is done
by most intensive peaks in Raman at 1543, 1509, 1440, 1415,
1336, 1320, 1258, 843 cm1 in GGP and at 1553, 1515, 1453,
1415, 1345, 1330, 1299, 1253, 846 cm1 in GP and their respec-
tive peaks in IR spectrum. The vibration modes at 1145, 1102,
1068, 920, 791 cm1 in GGP while at 1145, 1099, 1076, 1061,
930, 899, 792, 776 cm1 in GP observed in both IR and Raman
respectively, are assigned to in plane deformation of CH,
stretching of CN, q(CH2), stretching of C–C, out of plane defor-
mation of CH, wagging of NO2, deformation of COO
. The IR
and Raman spectrum of GGP and GP contains the vibration
peaks at 721 cm1 and at 730 cm1 and 722 cm1 respectively
is assigned to the wagging of NO2 group. In IR and Raman
spectra of GGP, the vibrations observed at 687 cm1 while in
GP at 700 cm1 and 690 cm1 are due to deformation of COO
group. Vibrations observed in GGP at 540 cm1 (IR) and
505 cm1 (Raman) while in GP at 522 cm1 (IR) and
520 cm1 (Raman) are assigned to q(NO2). The low intensity
band observed at 471 cm1 in both IR and Raman spectra of
GGP while at 499 cm1 in IR of GP respectively is assigned to
q(COO) and below this band all are assigned as skeletal defor-
mation and lattice vibration in the molecule. Thus as explained
in above vibrational modes of GGP as well as GP, there is clear
change in the peak positions and band appearances which con-
cludes that GGP as well as GP both are different species and
conﬁrms their formation. The theoretically calculated all vibra-
tionalmodes are comparable as well as found in close agreement
with the experimental values of glycine glycinium picrate as well
as glycinium picrate molecules [18].
4.3. Optical analysis
4.3.1. TD-DFT Study
To investigate the electronic transitions, oscillator strength
and absorption spectra of GGP and GP molecules have beenPlease cite this article in press as: M. Shkir et al., A comparative study of key propert
experimental and quantum chemical approach, Journal of Saudi Chemical Societycomputed at TD-B3LYP/6-31G* level of theory. All the TD-
DFT calculations have been performed on ground state opti-
mized geometries in gas phase [56–59] as well as in different
solvents. The investigation about solvatochromism behavior
of GGP and GP has been carried out with different solvents
effect through PCM model in water, acetone, cyclohexane
and chloroform. The calculated values of absorption wave-
length in the gas phase are found to be 396 nm and 483 nm
for GGP and GP molecules, respectively. Interestingly, the sol-
vatochromism is different for GGP and GP.
In the GGP molecule a slight effect of solvents on the
absorption wavelengths has been observed, i.e., 11, 11, 7 and
10 nm, red shift in water, acetone, cyclohexane and chloroform
compared to the gas phase, respectively, while in GP, there is a
signiﬁcant blue shift in absorption wavelength was noticed,
i.e., 41, 39, 15 and 29 nm in water, acetone, cyclohexane and
chloroform compared to the gas phase, respectively, see
Table 1.
4.4. Nanoindentation examination
Fig. 4(a) shows the load–displacement curve (P–h) obtained
for the present study. A smooth loading part was observed
indicating a plastic deformation, which occurs underneath
the indenter so as to accommodate the strain imposed by the
sharp indenter. In addition a relatively homogeneous loading
curve (for load below 100 mN) with no traces of any ‘pop-in’
features (i.e. discrete displacement bursts) except for a few ser-
rations was observed. However, for load beyond 100 mN the
pop-in events were observed with no pile-ups. The occurrence
of this pop-in is related to the transition from elastic to elastic/-
plastic regime, and is associated with the nucleation of plastic
deformation due to dislocations and cracks [60]. A typical
AFM image of the imprint made after indentation on (001)
plane made by different load is shown in Fig. 4(b). Fig. 4(c)
shows the cross section proﬁle for the depth after indentation
with different loads. A good correlation between the nanoin-
dentation depth proﬁle [Fig. 4(a)] and the proﬁle from the
AFM was seen [Fig. 4(c)]. Furthermore, an elastic deformation
was evident from the curve during unloading half-cycle. Dur-
ing loading half cycle the recorded microhardness test showed
a linear relation between P/h and h [Fig. 4(d)], which is consis-
tent with the earlier studies [61]. The slope of the P/h–h curve isies of glycine glycinium picrate (GGP) and glycinium picrate (GP): A combined
(2016), http://dx.doi.org/10.1016/j.jscs.2016.05.003
Figure 4 (a) Load displacement curve for the indentation measurement perpendicular to (001) (b) high resolution AFM image of
indentation imprint (at different load) made on GGP surface along (001) plane, (c) its depth proﬁle and (d) linear relation between P/h
and h.
6 Mohd. Shkir et al.considered as a measure of load independent hardness, Ho i.e.
Ho = kb, where k is a constant which depends on indenter
geometry (1/24.5 for Berkovich indenter). The linear regression
analysis of the curve was carried out and the value of ‘b’ for
GGP single crystal was calculated which gave the value of
load-independent hardness of about 458 MPa. The obtained
p–h curve was then further analysed using various equations
(described elsewhere [62] for obtaining various parameters
associated with mechanical behavior of the GGP single crystal
and is listed in Table 2.
4.4.1. Hardness analysis
The best ﬁt calculated values of the hardness and Young’s
modulus of GGP crystals along (0 0 1) direction were plotted
as a function of peak load [Fig. 5(a)]. A large scattering in
the hardness value above 100 mN of load was observed,Table 2 Various obtained parameters associated with the mechanic
Peak load,
Pmax (mN)
Hardness, H
(MPa)
Young’s modulus,
E (MPa)
Vicker’s
Hardness
Disp
hmax
5.04 688.6 18.308 63.772 608
10.05 657.84 17.197 60.923 880
20.04 560.13 15.696 51.874 1336
30.03 580.22 15.904 53.734 1611
50.05 521.24 14.621 48.273 2190
75.05 541.87 14.431 50.183 2642
100.07 527.56 14.664 48.858 3079
125.05 518.05 13.918 47.977 3486
150.07 404.48 13.275 37.459 4235
Please cite this article in press as: M. Shkir et al., A comparative study of key proper
experimental and quantum chemical approach, Journal of Saudi Chemical Societyshowing a load dependant parameter. This is due to inhomo-
geneous surface of the crystal and indentation size effect.
Apart from this, a constant decrease in the hardness value
of the sample with increasing load was observed. This sug-
gests a signiﬁcant indentation size effect on the value of hard-
ness of the crystal. Further, this indentation size, d, which is
proportional to the value of contact depth, hc is related to the
peak load as
P ¼ a0 þ a1hc þ a2h2c ; ð2Þ
where a0; a1 and a2 are constants. Fig. 5(b) shows the varia-
tion of contact depth hc with peak load. The curve is ﬁtted with
the as above polynomial function and the ﬁtted value for
a0; a1 and a2 are shown in Fig. 5(b). The parameter a2 is con-
sidered as a measure of the load-independent hardness H0 and
related to the empirical formulaal property of GGP single crystal along (001) plane.
lacement,
(nm)
Initially unloading stiﬀness, S
(mN  nm1)
Contact depth,
hc (nm)
m
.39 0.0624 546 1.3
.21 0.0848 788.76 1.3
.8 0.1186 1206.88 1.32
.42 0.1445 1451.69 1.33
.7 0.1812 1977.21 1.3
.75 0.2148 2374.71 1.34
.58 0.2554 2778.92 1.34
.92 0.2736 3134.89 1.31
.9 0.3237 3886.56 1.46
ties of glycine glycinium picrate (GGP) and glycinium picrate (GP): A combined
(2016), http://dx.doi.org/10.1016/j.jscs.2016.05.003
Figure 5 (a) Variation in the value of hardness and Young’s modulus with varying load, (b) variation of contact depth (hc) with peak
load (Fn) and (c) Variation of initial loading stiffness (S) with contact depth (hc).
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where, k is a constant which depends on the indenter geometry.
For Berkovich indenter, used for the present study the value of
k is 1/24.5. From the best ﬁtted results obtained by ﬁtting
Fig. 5(b) using Eq. (4) gave a value a2 as 1:1939 105
mN nm2 Using this value the load-independent hardness for
the present sample was calculated using Eq. (5) and found to
be 480 MPa.
Fig. 5(c) below shows the variation of initial loading stiff-
ness, S, with the contact depth at peak load, hc. A linear rela-
tionship between the initial unloading stiffness, S and the
contact dept at peak load was observed. The reduced Young’s
modulus was extracted from the slope of the linear ﬁtted curve.
The slope and the intercept in S-axis were found to be
0.0000795 mN nm2 and 0.02411 mN nm1. The value of
reduced Young’s modulus as obtained from the slope of the
curve was found to be 80 GPa. Practically, the best ﬁt curve
should pass through the origin, however, a value higher than
zero for intercept is related to the indenter tip rounding.
4.5. Differential scanning calorimetric (DSC) analysis
It is very important to know the thermal stability of any com-
pound before using it for any device applications. For any
optical system such as lasers, the thermal expansion, speciﬁcPlease cite this article in press as: M. Shkir et al., A comparative study of key propert
experimental and quantum chemical approach, Journal of Saudi Chemical Societyheat and thermal conductivity are the key parameters, there-
fore many scientists are continuously trying to ﬁnd a material
to grow their single crystals with high thermal stability. Hence,
the differential scanning calorimetric (DSC) technique was
used to know the thermal parameters of the grown crystals
as it plays a key role to analyse the stability of materials and
measures the temperature and heat ﬂow associated with tran-
sitions in materials. The grown crystals were subjected to
DSC measurements using a NETZSCH STA 449F3 Instru-
ments in the temperature range 25–350 C, at a heating rate
of 10 C min1 and under air ﬂow of 30 mL min1.
The DSC curve [Fig. 3S] is particularly characterized by
one endothermic peak at 212.6 C which represents its melt-
ing point and the sharpness of the peak conﬁrms that the crys-
tals are of good crystallinity. Certain chemical changes such as
oxidative degradations in any molecule are aided by exother-
mic peaks [63]. For further conﬁrmation of its melting point,
a melting point apparatus was used and the melting point
was found to be 211.7 C. The high thermal stability and
good crystallinity of the grown crystal signify that it can be
useful for various optical applications.
4.6. Polarizability and first hyperpolarizability
We have used the DFT method to determine the
electronic dipole moment (l), polarizability (a0), anisotropyies of glycine glycinium picrate (GGP) and glycinium picrate (GP): A combined
(2016), http://dx.doi.org/10.1016/j.jscs.2016.05.003
8 Mohd. Shkir et al.polarizability (Da) and ﬁrst hyperpolarizability (btot) etc. of the
GGP and GP molecules.
The electronic dipole moment can be calculated as:
l ¼ ðl2x þ l2y þ l2zÞ
1
2 ð4Þ
Similarly, the average polarizability and anisotropic polar-
izability are deﬁned as:
a0 ¼ 1
3
ðaxx þ ayy þ azzÞ ð5Þ
Da ¼ 1ﬃﬃﬃ
2
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½ðaxx  ayyÞ2 þ ðayy  azzÞ2 þ ðazz  axxÞ2 þ 6a2xz
q
ð6ÞTable 3 Calculated values of dipole moments (l, Debye),
polarizability (a, Da), and ﬁrst hyperpolarizability (btot, b0)
with their individual tensor components for GGP and GP.
Components GGP GP Components GGP GP
a. u. a. u. a. u. a. u.
axx 235 226 bxxx 777 492
axy 20 16 bxxy 601 860
ayy 211 159 bxyy 435 79
axz 39 27 byyy 60 137
ayz 27 34 bxxz 246 407
azz 134 102 bxyz 283 283
a0 193 162 byyz 116 31
Da 161 117 bxzz 5 230
lx 2.891D 5.571D byzz 158 78
ly 2.969D 2.711D bzzz 12 139
lz 0.383D 1.363D b0 427 582
ltot 4.162D 6.344D btot 712 970
Figure 6 The frontier molecular orbitals of GP
Please cite this article in press as: M. Shkir et al., A comparative study of key proper
experimental and quantum chemical approach, Journal of Saudi Chemical SocietyFor ﬁrst hyperpolarizability, its amplitude (btot) can be cal-
culated using the x, y, z components as:
btot ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðb2x þ b2y þ b2zÞ
q
ð7Þ
where these components are deﬁned as:
bx ¼ ðbxxx þ bxxy þ bxyyÞ
by ¼ ðbyyy þ bxxz þ byyzÞ
bz ¼ ðbxzz þ byzz þ bzzzÞ
while b0 can be also calculated by following relationship:
b0 ¼
3
5
btot ð8Þ
It is well known that the ﬁrst hyperpolarizability is a third
rank tensor which can be described by a 3  3  3 matrix. In
the 3D matrix there are 27 components they are reduced to
10 components due to Kleinman symmetry [56], which can
be given in lower tetrahedral format and is obvious that the
lower part of 3  3  3 matrices is tetrahedral. The amplitudes
of polarizability and hyperpolarizability of any molecular sys-
tem is dependent on the electronic communication of two dif-
ferent parts of molecular systems. We have collected all the
calculated values of dipole moment, polarizability and ﬁrst
hyperpolarizability in Table 3.
The total value of dipole moment of GGP is found to be
6.344 D, which is 2.182 D larger than that of the total dipole
moment of GP. The calculated values of average polarizability
a0 are 193 and 162 a. u. while anisotropic polarizability Da is
161 and 117 a. u. for GGP and GP, respectively. The ampli-
tudes of calculated total ﬁrst hyperpolarizability (btot) are
712 and 970 a. u. for GGP and GP, respectively. On compar-
ing the ﬁrst hyperpolarizability value of GGP and GP mole-
cule with a prototype molecule of urea (burea = 43 a. u.), it is
found that btot of GGP and GP are 16 and 23 times larger
than that of urea as calculated at the same levels of theory.and GGP with an iso-value of ±0.02 a. u.
ties of glycine glycinium picrate (GGP) and glycinium picrate (GP): A combined
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used in various optoelectronic device applications with the
advantage of their good transparency.
4.7. Frontier molecular orbitals (FMOs) analysis
The FMOs play a crucial role on the reactivity of any chemical
system. For instance, the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
show the ability of donating and accepting the electron in
any molecule, respectively. Several chemical properties of a
molecule including chemical hardness, chemical potential,
reactivity, kinetic stability, optical polarizability, chemical
softness, electronegativity, electrophilicity etc. can be
explained by FMOs. The FMOs have been drawn in Fig. 6
to get an intuitive view about their distribution patterns in
GGP and GP molecules. In GGP, the HOMO and LUMO
are localized at picrate anion and there is slight charge re-
distribution with a relatively larger energy and having transi-
tion from HOMO to LUMO. On the other hand, in GP, the
HOMO and LUMO have a relatively larger spread over the
picrate anion as well as involving a slight part of glycinium.
The transition with lower energy involves relatively larger re-
distribution of charge from HOMO to LUMO orbitals, which
perhaps results in relatively larger b0 amplitude for GP as
given in Table 3S (see supplementary data). Similarly,
HOMO–LUMO (H–L) energy gaps have been also compared
with each other as given in Table 3S (see supplementary data)
and Fig. 6. The H–L energy gaps for GP and GGP are 3.229
and 3.761 eV, respectively. The lower H–L energy gap of GP
causes its lower energy transitions, which perhaps results
in larger b0 amplitude for GP. Additionally, energy gaps
of other orbitals have been given in Table 3S (see
supplementary data).
To understand the relationship between structure,
stability, and global chemical reactivity the global reactivity
descriptors are used which can be calculated by density
functional theory (DFT) study (details can be found in
supporting information).
5. Conclusions
A comparative study of electro-optical properties for glycine
glycinium picrate (GGP) and glycinium picrate (GP) com-
pounds has been performed using a dual approach comprising
of experimental and computational techniques. The single
crystal of GGP has been grown using the slow evaporation
technique and subjected to further experimental characteriza-
tions. The nanoindentation was used to study the load depen-
dence and independence of hardness (H) and Young’s modulus
(E) using the Oliver–Pharr method and it was found that both
H and E exhibit peak load dependence. The thermal stability
of the GGP was assessed using DSC, which showed that it is
stable up to 212 C. Using the density functional theory
(DFT) methods, we have also investigated its analogous GP
molecule. The stable molecular geometry of GGP and GP
was calculated at B3LYP/6-31G* level of theory. The experi-
mental geometrical parameters of GGP have been reproduced
by DFT at B3LYP/6-31G* level of theory. The slight inter-
molecular charge transport has been observed from picrate
anion to the glycinium cation, which leads to refrain thePlease cite this article in press as: M. Shkir et al., A comparative study of key propert
experimental and quantum chemical approach, Journal of Saudi Chemical Societyelectro-optical properties, i.e., enhanced dipole moment,
hyperpolarizability and tune the absorption wavelengths. It
is expected that the inter-molecular charge transport might
lead to the signiﬁcant solvatochromic effect in GP. Similarly,
the calculated amplitudes of ﬁrst hyperpolarizability (btot) for
GGP and GP are found to be 712 and 970 a. u., respectively,
which are about 16 and 23 times larger than that of the urea
molecule (a prototype NLO molecule). Thus, the present study
highlights the optical and nonlinear optical properties of GGP
and GP molecules. The non-zero and larger values of ﬁrst
hyperpolarizability is the most important parameter that might
make GGP and GP molecules an outstanding aspirant for
modern optoelectronic device applications.
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